[1] Ocean observations around the Australian-Antarctic basin show the importance of coastal latent heat polynyas near the Mertz Glacier Tongue (MGT) to the formation of Dense Shelf Water (DSW) and associated Antarctic Bottom Water (AABW). Here, we use a regional ocean/ice shelf model to investigate the interannual variability of the export of DSW from the Ad elie (west of the MGT) and the Mertz (east of the MGT) depressions from 1992 to 2007. The variability in the model is driven by changes in observed surface heat and salt fluxes. The model simulates an annual mean export of DSW through the Ad elie sill of about 0.07 6 0.06 Sv. From 1992 to 1998, the export of DSW through the Ad elie (Mertz) sills peaked at 0.14 Sv (0.29 Sv) during July to November. During periods of mean to strong polynya activity (defined by the surface ocean heat loss), DSW formed in the Ad elie depression can spread into the Mertz depression via the cavity under the MGT. An additional simulation, where ocean/ice shelf thermodynamics have been disabled, highlights the fact that models without ocean/ice shelf interaction processes will significantly overestimate rates of DSW export. The melt rates of the MGT are 1.2 6 0.4 m yr À1 during periods of average to strong polynya activity and can increase to 3.8 6 1.5 m/yr during periods of sustained weak polynya activity, due to the increased presence of relatively warmer water interacting with the base of the ice shelf. The increased melting of the MGT during a weak polynya state can cause further freshening of the DSW and ultimately limits the production of AABW.
Introduction
[2] Antarctic Bottom Water (AABW) is an important part of the global thermohaline circulation and is known to form in the Weddell Sea, Ross Sea, and Ad elie Land [Rintoul, 1998; Orsi et al., 1999; Jacobs, 2004] . More recently, AABW has been observed to form in the vicinity of Cape Darnley, located immediately west of the Amery Ice Shelf [Tamura et al., 2008; Kusahara et al., 2010; Fukamachi et al., 2010; Ohshima et al., 2013] . The Australian-Antarctic Basin (80 -150 E) contains two types of AABW, defined by their sources: Ross Sea Bottom Water enters the basin from the east and mixes with Ad elie Land Bottom Water that is formed locally in geographically restricted latent heat polynyas around the East Antarctic coastline [Rintoul, 1998] . AABW in the Australian-Antarctic Basin has been observed to be freshening, possibly due to an increased supply of glacial meltwater from Antarctica [Aoki et al., 2005; Rintoul, 2007] .
[3] The high rate of sea ice formation in latent heat polynyas and the associated brine rejection drive convection due to the formation of relatively dense water (e.g., High Salinity Shelf Water-HSSW). HSSW can sink below adjacent ice-shelves and drive basal melting of these iceshelves leading to the creation of fresher Ice Shelf Water (ISW), which is defined as having a temperature below the surface freezing temperature [Lewis and Perkin, 1986] . The mixture of HSSW, ISW, and to some degree the overlying Circumpolar Deep Water (CDW) and Modified Circumpolar Deep Water (MCDW) can form Dense Shelf Water (DSW). DSW may be exported from the continental shelf, sinking into the deep ocean and mixing further with the MCDW, forming AABW. Changes in the volume of ISW and HSSW formed on the shelf can significantly alter subsequent formation rates of AABW at the continental shelf break [Hellmer, 2004; Kusahara and Hasumi, 2013] .
[4] During the period of this study (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , the Mertz Glacier Polynya (MGP), centered at about 67 S and 1 CSIRO-UTAS Quantitative Marine Sciences PhD Program, Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia.
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E, was the second largest polynya in area (23,300 km 2 ) along the East Antarctic coastline [Massom et al., 2001] and was a key source of DSW that ultimately becomes AABW [Rintoul, 1998; Williams and Bindoff, 2003; Williams et al., 2008] . From satellite remote sensing observations, the MGP is estimated to produce an annual cumulative volume of sea ice of about 120 6 11 km 3 yr À1 [Tamura et al., 2008] . The factors that influence the ice production of the MGP are the steep ice-sheet topography inland from Commonwealth Bay and Buchanan Bay ( Figure 1 ) that funnel strong and persistent katabatic winds into the area, the distribution of grounded icebergs and surrounding fast ice, and the position of the Mertz Glacier floating ice Tongue (MGT) and other icebergs (like the large grounded iceberg B9b) which form a barrier against westward moving sea ice [Massom et al., 2001] . The MGT was 20-40 km wide and extended 150 km northward from the grounded ice-sheet, prior to its calving in 2010, which cut its length in half.
[5] Direct observations of the ocean in the vicinity of the MGT during winter are rare, due to the extreme conditions making access difficult. The first and the only wintertime experiment in the Ad elie region occurred in July to August 1999 [Bindoff et al., 2001; Williams and Bindoff, 2003; Williams et al., 2008] . This wintertime experiment and associated summer observations have shown that DSW accumulates in the Ad elie depression, and the Ad elie sill is one of the primary outflow regions for dense water to escape from the depression to the abyssal ocean [Bindoff et al., 2000; Williams et al., 2008] . The annual mean export of DSW through the Ad elie sill was estimated to be 0.1-0.5 Sv [Williams et al., 2008] , subsequently revised down to 0.073 6 0.083 Sv using improved analysis methods (Meijers et al., manuscripts in preparation) . DSW exported at the sill depth (425 m) is dense enough relative to the offshore water masses to mix down the continental slope and slope canyons to form AABW [Williams et al., 2008] . More recent observations taken along the slope and over the deep ocean suggest that the Mertz sill, to the east of the MGT, may also be a region of DSW export [Williams et al., 2010] . The region to the east of the MGT also has a deep depression, called the Mertz depression or Trough, a sill (600 m) and an active local polynya in the lee of B9b. Modeling results also support the hypothesis that the Mertz sill is a key region of DSW export from the Mertz depression to the continental slope [Kusahara et al., 2011] .
[6] Earlier model studies such as Marsland et al. [2004] using the Mertz-HOPE (Hamburg Ocean Primitive Equation) model (as described by Marsland et al. [2007] ) and Kusahara et al. [2011] using the Center for Climate System Research Ocean Component (COCO) model [Hasumi, 2006] , have studied the Ad elie/Mertz depressions area. Both are coupled sea-ice/ocean models and have a global domain with high horizontal resolution over the study area. Neither of these studies include ice shelf/ocean interaction processes the circulation underneath ice-shelves or the formation of ISW. Our study uses a high resolution ($2.16-2.88 km) regional ocean model, based on the Regional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005] to study the interannual variability of DSW export from the Ad elie and Mertz depressions region from 1992 to 2007. The model is unique in that it has been modified to include ice shelf/ocean interactions and frazil dynamics and thermodynamics, and includes the ocean cavity beneath the MGT and other ice-shelves, icebergs, and fast ice in the region [following Galton-Fenzi, 2009 Galton-Fenzi et al., 2012] . Marsland et al. [2004] have shown a strong interannual variability of DSW outflow from the Ad elie depression linked to variability in atmospheric forcing. In this study, we investigate the link between the variability of the surface polynya forcing and the shelf water, and how it impacts the density and volume of exported DSW.
[7] Section 2 describes the model setup and forcing, and details the analysis procedure. A similar approach to Marsland et al. [2004] , using heat flux variability, is used in section 3 to define different polynya states. Using these polynya states, we examine relationships between the intensity of polynyas and dense water export, and the interactions with the ice shelf. In sections 4 and 5, we discuss key findings relating to dense water export. These include the different pathways for DSW export and the importance of including the cavity under the MGT, as well as the link between polynya activity and DSW export in comparison with previous model studies.
Methods

Model and Forcing
[8] The three-dimensional ice shelf/ocean cavity model used here is based on the Rutgers version of the Regional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005] . ROMS has a free surface and uses a terrain-following vertical s-coordinate system controlled by the applied surface pressure, which has been adapted to allow the coordinates to follow the ice-shelf draft [Dinniman et al., 2003] and has been applied to other area of Antarctica [Dinniman et al., 2007; Mueller et al., 2012] . The version of the model we use here was initially developed for studies of the Amery Ice Shelf/Ocean system [GaltonFenzi, 2009; Galton-Fenzi et al., 2012] and used in circum-Antarctic modeling studies [Galton-Fenzi, 2010] . In the region of our study, a version of this model has been used to simulate the circulation patterns and water mass properties in the vicinity of the Ad elie and Mertz depressions [Hemery et al., 2011; Cottin et al., 2012] . It has also been compared directly with summertime ship observations and year long current meter moorings at the Ad elie sill and found to accurately reproduce the seasonality and circulation within the depression (Meijers et al., manuscripts in preparation).
[9] The model setup used here is similar to the one described by Galton-Fenzi et al. [2012] and only the major features and differences from the previous model are described below. The model includes realistic tides and thermodynamic interactions with the ice shelf, including the addition of a frazil subroutine. The ice shelf/ocean interaction is described by three equations representing the conservation of heat, salt, and a linearized version of the freezing point of seawater (as a function of salinity and pressure) [e.g., Holland and Jenkins, 1999] , which are solved to simultaneously find the temperature and salinity in the boundary layer beneath the ice shelf and the melt rate at the ice shelf base. The model grid extends from 135.77 E (west of the French base Dumont D'Urville) to east of George V land at 158.08 E and covers the Ad elie and Mertz depressions from the coast line up to the deep ocean at 62.72 S (Figure 1 ). The horizontal grid has a resolution of about 2.16 km near the southern boundary and 2.88 km near the northern boundary. The vertical grid uses 31 contour following levels, arranged to give higher resolution near the top and the bottom of the water column.
[10] The bathymetry and ice-shelf draft is based on RTopo-1 [Timmermann et al., 2010] and was modified to include local high-resolution bathymetry data from Beaman et al. [2011] , which is based on multibeam swath sonar and singlebeam bathymetry data with about 250 m resolution. The iceberg positions present in the region, and the MGT ice draft were created using high-resolution SPOT5 imagery, radar profiles from Legr esy et al. [2004] , and a more recent airborne radio echo sounding (ICECAP project from International Polar Year and Greenbaum et al. [2010] ). The bathymetry beneath the MGT has been created to accommodate the grounding line position and its thickness [Legr esy et al., 2004; Mayet et al., 2013] . The ice draft of the MGT is shown in Figure 5 , while the B9b icebergs have a draft of 300 m and Ninnis icebergs have a comparable thickness. Fast ice is an important factor to consider in the region because of its thickness and its multiannual presence in some areas [Massom et al., 2009] . We include a climatology from Fraser et al. [2012] , which produces two main areas of permanent fast ice near the MGT. These regions are southeast of the ice tongue and southeast of the B9b iceberg, where fast ice is continuously present with a relatively constant area (see Figure 1) . Southeast of the MGT fast ice attached to the glacier tongue is relatively old (at least 25 years) and thick (from 10 to 55 m). This is about 10 times thicker than the mean thickness of pack ice in the region [Massom et al., 2010] .
[11] Following Galton-Fenzi et al. [2012] , the model is forced with monthly data over the period from January 1992 to December 2007. Previous studies highlighted the importance of small-scale features, such as grounded icebergs, many of which are only a few hundred meters in scale. These features are important for the formation of polynyas and lead to localized enhanced DSW production [Kusahara et al., 2010] . However, coastal polynya and icebergs are often poorly resolved or are not parameterized in models, and so no sea ice model is coupled to the ocean in the present study. Instead, heat and salt fluxes, based on ice concentration from a climatology derived model using Special Sensor Microwave Imager (SSM/I) observations from 1992 to 2007 [Tamura et al., 2008 [Tamura et al., , 2011 , are used to adequately resolve the fine-scale polynya in the region, as has been done for other similar studies as Dinniman et al. [2003 Dinniman et al. [ , 2007 . During summer, the Tamura et al. [2008] data are supplemented with openwater heat and salt fluxes using monthly climatologies from NCEP-2 [Kanamitsu et al., 2002] . Surface winds are derived from the second version of CORE data developed by Large and Yeager [2009] for global ocean-ice modeling [Griffies et al., 2009] . The surface kinematic wind stress, , is calculated in the i direction and j direction from the wind velocity field, u as :
where a is the air density (1.3 kg m
À3
) and c a is the dimensionless air-sea friction coefficient (1.4 Â 10 À3 ). Lateral boundary fields, including potential temperature, salinity, and horizontal velocities are relaxed to monthly fields from ECCO2 over the period [Menemenlis et al., 2008; Wunsch et al., 2009] . The model was run for 48 years, including a spinup phase of 32 years to reach equilibrium using a repeating loop of synoptic forcing from 1992 to 2007. The final 16 years are used in the analysis.
Analysis Regions and Experiments
[12] To investigate the exchange between both shelf depressions and the export of DSW over the shelf break, our analysis is focused on three boxes around the Ad elie and Mertz depressions and the MGT (Figure 1 ), and on three sections at the Mertz and Ad elie sills and at the MGT cavity. These regions are chosen so as to facilitate comparisons with other studies [Marsland et al., 2004; Kusahara et al., 2011; Meijers et al., manuscripts in preparation] . The variables that are examined are potential temperature, salinity, horizontal velocities, and the volume transport of the main water mass classes (defined below). The boxes chosen completely surround the MGT in order to investigate the circulation through the cavity and ISW formation. They also include both the Ad elie and Mertz depressions and their corresponding polynya areas, where the formation of shelf water occurs, and finally include both sills, where the export of DSW from the depressions is thought to occur [Williams et al., 2010; Kusahara et al., 2011] .
[13] Different types of water interact within our study area, coming from offshore or forming over the shelf (Table 1) . Antarctic Surface Water (AASW) is relatively warm and is the least dense water mass in the region, appearing at the surface. Below the surface offshore there is warm and saline CDW, and the deepest water mass off the shelf break is AABW. CDW moves southward and becomes Modified CDW (MCDW) through mixing with AASW and water over the shelf, before crossing the shelf break and entering the shelf region in the mid-water column where it can interact with HSSW and ISW created during sea ice formation and ice tongue melting, respectively. Low Salinity Shelf Water (LSSW) corresponds to a water mass similar to the HSSW in potential temperature but with a salinity less than 34.5 psu. We define DSW here as any water having a potential density greater than 1027.88 kg m
À3
. This potential density has been used in previous studies as being the minimum potential density capable of sinking off the shelf and reaching abyssal depths, eventually contributing to the formation of AABW [Bindoff et al., 2001; Williams et al., 2008; Kusahara et al., 2010] .
[14] To highlight the importance of considering ocean/ ice shelf thermodynamics in modeling studies of shelf processed and dense water export, two experiments are performed for this paper: (1) ''Reference simulation'': the reference simulation uses the best version of the model described above, including ice shelf/ocean thermodynamics. (2) ''Without ice shelf thermodynamics'': reference simulation, but without ice shelf basal melting/freezing, so no ISW will be generated.
Results
Polynya Activity
[15] The 16 year time series of heat fluxes from Tamura et al. [2008, 2011] shows an interannual variability in polynya activity (intensity) in the region (Figure 2 ). This figure shows the cumulative heat flux anomalies and the average wintertime heat flux anomalies for a fixed size area including both the Ad elie and Mertz depressions (black line). It also shows those anomalies for smaller areas, one centered on the Mertz Glacier Polynya (MGP) over the Ad elie depression (dashed line) and the other on the polynya in the lee of B9b iceberg over the Mertz depression (dotted line). The polynya activity is slightly different between the MGP and the region over the B9b polynya, but not dramatically so. For simplicity, we define the state of polynya activity as changes over the combined area of the depressions. The cumulative heat flux anomalies from monthly means over the Ad elie and Mertz depressions (Figure 2a ), shows a sudden change in polynya activity occurring in 2002. A positive cumulative flux trend indicates that the flux of heat from the ocean to the atmosphere is less than the normal trend over the whole period, and therefore indicates a decrease in polynya activity. A negative trend in polynya activity indicates intensified heat loss and increased polynya strength. In Figure 2a , corresponding to a ''strong polynya state.'' It is more difficult to define persistent strong or weak states for the other years because Figure 3 . The export is binned in density increments of 0.01 kg m À3 for the Ad elie and Mertz boxes and both sills. This export is calculated as monthly averages over the entire period (from 1992 to 2007). The critical DSW density limit (1027.88 kg m À3 ) is represented by the horizontal dashed line. Figure 3 clearly shows interannual variability in the export of DSW for both depressions and sills, but also seasonal variability. The minimum density for exported water is denser at the end of each winter and slightly lighter during summer, and does not always exceed the critical value. Over the 16 study years, three distinct periods of DSW export can be defined, as indicated by the vertical dashed lines. The first period is from 1992 to 1998, where the DSW export is strong for the Ad elie box, and the two sills, associated with an import of the densest DSW into the Mertz box. 1999 is a transition year with lighter water exported, too light to be considered DSW but dense enough to be still exported from the Ad elie box. This transition period is followed by a second period from 2000 to 2002, where there is almost no export of DSW from any of the boxes and sections. The last period is from 2003 to 2005 where there is an increase of DSW export mainly seen to flow out of the Ad elie box and circulate through the cavity to the Mertz box. These periods lag the previously defined periods of polynya activity (shown by the arrows in the figure) by about a year.
[18] Different water masses can share the same density characteristics, so it is therefore useful to consider the transport results presented in Figure 3 together with potential temperature and salinity characteristics to determine the transport pathways of each of the main water masses. Figure 4 shows the net transport across both boxes and sills binned by potential temperature and salinity, averaged over the periods 1992-1998, 2000-2002, and 2003-2005 . This projection allows us to see the different water masses that enter and exit each depression. The different water masses Table 1 are labeled in Figure 4a , and we focus on the variability of the four main water masses: MCDW, HSSW, ISW, and DSW. ISW is defined here to be colder than the freezing temperature of sea water at 50 dbar. Using a depth below the surface is a necessary condition so that very shallow ISW produced by melting of thick fast ice east of the MGT (at about 35 m) is excluded. The averaged transport for each water mass (in 10 3 m 3 s À1 or milliSverdrups) and period for the Ad elie and Mertz boxes and sills, and also for the cavity are summarized in Tables 2a-2c . Averages are also calculated for each case during the annual ''peak export'' period, which is defined as July to November, following Marsland et al. [2004] and which also corresponds to the peak dense water formation from observations [Williams et al., 2008] .
[19] The density transport for both the Ad elie and Mertz depressions differs between each period. However, in all three periods there is an import of relatively warm MCDW (between 0 C and 0.5 C, see Figures 4a-4c and 4g-4i) with a density between1027.80 kg m À3 and 1027.85 kg m
À3
. For the Ad elie box, an export of water denser than 1027.85 kg m À3 (dense enough to exist below the imported MCDW) is seen for both the first period (1992) (1993) (1994) (1995) (1996) (1997) (1998) and the last period (2003) (2004) (2005) . This contributes to an export of DSW of 378 mSv for the first period and of 273 mSv for the last (Table 2a) . During the first period, 29% of the DSW exported from the Ad elie depression flows out through the Ad elie sill (110 mSv), while only 19% goes through the sill during the last period (51 mSv). During the second period, the export is less dense, more spread in terms of density and salinity, and is only marginally denser than the imported water, so there is very little net DSW exported through the sill (<30 mSv).
[20] An export of very salty and dense HSSW is observed from the Ad elie box with a transport of 212 mSv and 159 mSv for each period, respectively. This export has the same characteristics as the very dense water imported into the Mertz box (Figures 4g-4i) . The circulation through the cavity section makes up a large proportion of the total DSW transport: 43% of the exported DSW formed in the Ad elie depression is going through the cavity (165 mSv) during the first period and 46% (127 mSv) during the last period. This implies that 28% of DSW formed in the Ad elie depression during the first period and 35% during the last period exits the box through pathways other than beneath the cavity or through the sill. These other pathways are discussed further in section 4.2.
[21] DSW that circulates beneath the MGT from the Ad elie depression appears as an import into the Mertz box and is the sole pathway of DSW into the Mertz box through lateral boundaries. The 120 mSv exported out of the Mertz box are formed in the Mertz depression, primarily from the polynya in the lee of B9b, which is two third less than the DSW produced in the Ad elie depression. The distribution of the water exported through the Mertz sill, in terms of density, shows a small import of MCDW (Figures 4j-4l) , coupled with an export of cooler MCDW. Also, 207 mSv of DSW is exported through the sill during the first period significantly more than the net depression export. During the last period 69 mSv of DSW goes out through the Mertz sill, while the Figure 4 . Potential temperature-salinity transport diagrams for the (a, b, c) Ad elie box and (d, e, f) sill, and (g, h, i) Mertz box and (j, k, l) sill, split by period. Positive values (red) correspond to an export, and negative values (blue) correspond to an import (in milli Sv). Water masses are shown on the top left plot. Some potential density contours are shown on each diagram, with a dashed line corresponding to the freezing temperature of sea water at 50 dbar, used to define ISW in this study.
Transport and Melting in the Mertz Glacier Tongue Cavity
[22] In this section, we examine the transport through the cavity. DSW formed in the Ad elie depression flows into the MGT cavity on its western side, interacting with the ice shelf and mixing with ISW, leading to an export of slightly fresher and lighter water into the Mertz depression from the eastern side of the MGT. The difference between the second (weak) and the first (mean) periods in and S along the section defined by the MGT box are shown in Figures 5a and 5b. The third period (strong) is similar to the first, so anomalies from this period are not shown. The second period is mostly fresher and warmer everywhere along the section, except at about 400 m along the northern part of the MGT where a warm and salty anomaly occurs (of about þ1 C and þ0.04 psu). The perpendicular velocity across the MGT transects over both periods (Figures 5c and 5d) shows a corresponding change in the circulation and magnitude along the northern part of the MGT at about 400 m. Import into the cavity at depth increases on the western boundary of the MGT, and a current can also be seen crossing the northeasterly tip of the MGT, heading in a southeasterly direction between 400 and 600 m. This is indicative of an import of MCDW under the northern part of the MGT during the period of weak polynya activity.
[23] The change in circulation impacts MGT melting ( Figure 6 ). The area-averaged melt rate, integrated over the whole MGT for the entire period, is 1.9 6 1.4 m yr , not shown). The standard deviations of these values indicate the large temporal variability due to tidal, seasonal, and interannual forcing on the tongue. Observational estimates of melt rates, from flux gate calculations close to the grounding line vary from 11 m yr À1 [Berthier et al., 2003 ] to 18 m yr À1 [Rignot, 2002] . Given that 14-18 Gt yr À1 of ice is estimated to flow into the MGT from the grounded ice sheet [Wendler et al., 1996; Frezzotti et al., 1998 ], our estimates of basal melting indicate that about 63-81% of the total ice flowing into the MGT is melting from the underside, underlining how important it is to understand the ice-ocean interactions. Positive values correspond to an export and negative values to an import. The peak period corresponds to an average over each period from July to November.
[24] Figure 6 shows that the period of greatest net melt (3.8 6 1.5 m yr . Despite the enhanced melting only small amounts of ISW, defined here as having a potential temperature below the freezing temperature at 50 dbar, are exported from beneath the MGT during the second period. This suggests that the additional glacial meltwater is warmer than our defined freezing temperature, and so is not classified as ISW and therefore likely to have been produced by warm MCDW during melting.
Sensitivity of Dense Shelf Water Export to Glacial Meltwater
[25] A recent study by Kusahara and Hasumi [2013] has shown the importance of including basal melting in modeling studies such as that one. To test the effect of having ice shelf thermodynamics in our model, a comparison between both the reference simulation and the simulation without ocean/ice shelf thermodynamics are presented in this section. Ocean/ice shelf thermodynamics in the model allows the formation of fresh and supercooled water due to ice shelf melting, which can mix with the surrounding dense water. Hellmer [2004] has shown that a decrease in ice shelf area with an associated reduction of basal melting significantly changes shelf water characteristics and enhances the formation of DSW.
[26] Figure 7 shows monthly climatologies of both simulations along both sills and along the cavity section on the eastern edge of the MGT. The simulation without ocean/ice shelf thermodynamics shows denser water in the cavity ($0.06 kg m À3 denser) and at both sills ($0.02 kg m À3 denser). Associated with this increased in density, a greater transport of DSW through these sections is also seen. Around 0.05 Sv more DSW flows from the Ad elie to Mertz depression, but over 0.30 Sv extra is exported from the Mertz sill. Table 3 summarizes the averaged transport through the studied sections.
[27] The simulation without ocean/ice shelf thermodynamic overestimates DSW export by different magnitudes depending on the region. Compared to the reference simulation, DSW export is 100% greater for the Ad elie sill and 50% larger for the entire Ad elie box. However, for the Mertz box, omitting ocean/ice shelf thermodynamics induces an overestimation of DSW export of more than 500%. This very large increase in DSW export through the whole Mertz box is explained by the presence of more ice shelves in the Mertz box area (MGT, B9b, Ninnis icebergs, and fast ice). This relatively larger ice area in the Mertz depression induces greater volume of fresh and supercooled water, which mixes with the dense water imported from the Ad elie depression and produced locally, and results in lighter and cooler DSW. (1992) (1993) (1994) (1995) (1996) (1997) (1998) . This difference in density export between the two periods suggests that after a period of weak polynya activity leading to a decrease of DSW export, three or more years of strong polynya activity are needed to precondition the density of shelf water to support the export of very dense water again. It is interesting to note that during the ''mean'' polynya state, there is a stronger export of the densest DSW than during the ''strong'' polynya state. This is likely due to the spinup period of the model. For the 32 spinup years prior to 1992, the model uses the same forcing (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) , so the water masses at 1992 for the ''mean'' polynya state have been preconditioned by the last years of the atmospheric forcing, driving stronger net export.
[29] The interannual variability in the basal melt rate of the MGT follows the same pattern as the DSW export. Whilst the MGT is melting at a rapid rate between 2000 and 2002 (3.8 6 1.5 m yr À1 ), only small amounts of ISW are seen passing through the analysis boxes used in this study. During this time, the glacial meltwater that is produced must mix with the warmer ambient water and form a watermass that contains glacial meltwater which is warmer than our definition of ISW.
[30] During the weak polynya state, MCDW penetrates further on-shelf, although the actual volume entering the Ad elie box does not change significantly from the strong or mean states (2.3 Sv for 1992-1998, 2.1 Sv for 2000-2002, and 2.0 Sv for [2003] [2004] [2005] . The mechanism driving MCDW onto the shelf may be due to a combination of factors. In some regions, the primary mechanism causing MCDW to move on-shelf is changes in winds [e.g., Steig et al., 2012; Dinniman et al., 2012] . Alternatively, St-Laurent et al. [2012] demonstrates that a warm slope front current may be also guided on-shelf via troughs in the slope bathymetry.
[31] A detailed dynamical examination of the factors driving MCDW circulation onto the shelf is beyond the scope of the present study, although qualitatively the Mertz Bank does appear to be important in guiding intrusions toward the MGT (Figure 8 ). What we find, however, is that MCDW import is not correlated with changes in DSW export nor with changes in surface wind stress (not shown). This supports the findings of Marsland et al. [2004] who found that polynya buoyancy flux was the primary factor controlling DSW export and winds had little correlation with the DSW production. Of course, polynya activity is not independent from the winds, ocean temperature, or circulation and there exist complex feedbacks between these factors. However, polynya activity, as measured by heat flux, is representative of an integration of these atmospheric and oceanic terms for the purpose of this study, and we find that there exists a useful correlation with the strength of these polynyas driving DSW export.
[32] The lack of correlation between polynya activity and MCDW import does not imply that inflow from off the shelf is unimportant to the circulation. During weak polynya states, the intruding MCDW is not cooled as dramatically and may interact with the MGT and modify the ice shelf/ocean driven circulation [Klinck and Dinniman, 2010] by intensifying the ice pump mechanism through cavity enhanced basal melting [Lewis and Perkin, 1986] . MCDW driven basal melting makes the water fresher and more buoyant which causes it to rise along the bottom of the ice shelf. This buoyancy driven flow has the effect of pulling deeper water to the base of the ice shelf. This induces more ice shelf melting which may further decrease the formation and density of DSW in the region. This positive feedback between intruding warm MCDW and increased freshening is discussed further in the following section.
Regional Circulation
[33] The model allows the detailed examination of DSW export pathways from the region, and we find several more than have been previously assumed in observational studies. The time-averaged potential temperature and density at the model bottom layer, overlaid with the current direction during each period is shown in Figure 8 . This figure shows that dense water spreads between both depressions through the MGT cavity and over the shelf break. Significant volumes of DSW are being exported from the Ad elie box via the cavity under the MGT (120 mSv averaged over the entire period) as well as along the coast to the west (from the western edge of the Ad elie box, 18 mSv averaged over the entire period). The heat flux forcing [Tamura et al., 2011] includes many small but active polynyas along the coast to the west of the MGT, such as in Commonwealth Bay. The model produces HSSW from these regions during winter and transports some DSW westward as part of the coastal current. However, observations do not find any circulation of DSW along the coast, likely because of their summertime bias. In the model during summer there is no HSSW production and DSW present in deep troughs and depressions does not easily escape the shelf region, except at the Ad elie sill, as in observations [Williams et al., 2008] . Future wintertime observations should observe these water masses predicted by the model to establish the importance of export westward via the coastal current and outflows of the western edge of the basin.
[34] The off-shelf export is simulated to occur through both Ad elie and Mertz sills and is also identified through another region located to the east of the Mertz sill (see black circles in Figures 8a and 8b) , which export about 32 mSv of DSW averaged over the entire period. A significant part of the export going through the sills is missing in our current sill section locations. About 51 mSv of DSW, averaged over the entire period, is going throughout the western corner of the Ad elie box and about 34 mSv throughout the western corner of the Mertz box directly west of the Mertz sill. This highlights the limitations of observational studies that only capture narrow regions of transport.
[35] The net export of DSW from the Mertz depression is greater at the sill than over the entire depression (Table  2b ) due to the import from the Ad elie depression via the cavity beneath the MGT. However, the DSW exported through the Mertz sill (with potential temperature between À1.5 and À0.5 C and a salinity below 34.5 psu) has different properties than the incoming DSW flow from the Ad elie depression (colder than À1.5 C and sometimes saltier than 34.5 psu). This suggests that mixing occurs in the Mertz depression between DSW coming from the Ad elie depression, the DSW or HSSW formed locally due to the polynya in the lee of B9b iceberg, ISW and overlying MCDW to produce relatively less dense DSW.
[36] The flow of DSW from the Ad elie to the Mertz depression is strongly controlled by the activity of the MGT polynya. Figure 8 and Table 2 show clearly that during the first period there is significant formation of DSW, occurring mainly in the Ad elie depression. The DSW created in the Ad elie depression flows both into the cavity beneath the MGT and across the Ad elie sill toward the abyssal ocean. In contrast, the second (weak) period has warmer bottom water, particularly over the Mertz depression and the northern edge of the MGT, and the water is significantly fresher on the Ad elie and Mertz banks. Not enough DSW of sufficient volume and density is formed in the Ad elie depression to enable the circulation to escape the shelf at the Ad elie sill. Some DSW continues to circulate through the cavity and into the Mertz depression and through the sill but at much reduced rate. DSW starts to form again during winter 2003, mainly in the Ad elie depression, which then spreads over the shelf to again escape through the Ad elie sill at lower rate than during the first period, indicating a phase lag between the initial formation and eventual export of DSW. More than a year of strong polynya state is needed to form a sufficient volume and density of DSW to recover from the weak forcing period and to flow into the deep ocean.
[37] During the second period a reduced volume of ISW escapes the region, when we may have expected to see more due to the increased melt rates during this period. The extra melting is produced by enhanced MCDW penetration into the cavity. The warmer water mixes with the meltwater, resulting in a watermass warmer than the definition of ISW. Our results suggest that the commonly used definition of ISW that we have adopted for this study is inadequate for quantifying the amount of glacially sourced meltwater exported from the shelf.
[38] The additional freshwater produced by the MCDW intrusion and glacial melting may provide one possible explanation for the lag between enhanced polynya strength and the recovery of DSW export following a period of weak polynya activity. Marsland et al. [2004] showed that the volume averaged salinity within the Ad elie Depression prior to the onset of winter polynya activity was an important ''preconditioner'' for DSW production and more saline preexisting watermasses led to stronger exports of DSW and vice versa. The enhanced melting of the MGT during weak polynya states may lead to such preconditioning of the water column, from which DSW export subsequently takes several years to recover. These dynamics are beyond the present study, however, and further examination is required to establish the impact of the enhanced buoyancy during weak polynya years.
Comparison With Other Studies
[39] Two other modeling studies, Marsland et al. [2004] and Kusahara et al. [2011] , have examined this area using global domain ocean/sea-ice models, but neither include important ocean/ice shelf/fast-ice interaction processes or the circulation underneath ice-shelves. Marsland et al. [2004] used the years 1991-2000 to show an interannual variability in the wintertime heat flux, with weak (1991, 1992, (1999) (2000) and strong (1993-1998 inclusive) states in the polynya activity corresponding to different states of circulation and magnitudes of DSW export from the region. Kusahara et al. [2011] also examined DSW export from the same region. The model was shown to reproduce key water masses of the region and a seasonal variability in the export of DSW through the Ad elie sill linked to the seasonal sea-ice production in coastal polynyas area, but did not include ISW formation.
[40] The export of 100-500 mSv of DSW through the Ad elie Sill observed in 1998 using ADCP moorings [Williams et al., 2008] is substantially higher than the modeled value of 70 mSv with the current sill section. This difference may be explained, however, by the assumption made by Williams et al. [2008] that the measured current magnitude was directed entirely through the Ad elie sill. This assumption was necessary due to the absence of compass heading measurements on the moorings, so the true current direction could not be determined. Subsequent observations using current meters with compasses measure substantially less transport directed through the sill (73 6 83 mSv), which is in much closer agreement with the results from our study (Meijers et al., manuscripts in preparation) .
[41] We show a net DSW export of 240 mSv from the Ad elie depression compared to Marsland et al. [2004] who found 150 mSv. Kusahara et al. [2011] found a stronger export through the Ad elie sill (210 mSv) than through the Mertz sill (120 mSv), which is the opposite of our pattern with 70 mSv for the Ad elie sill and 120 mSv for the Mertz sill. This difference in sill export is likely due to the circulation under the MGT connecting the two depressions, which is not included in either of the previous studies. Both earlier models consider the MGT as a land barrier separating the two depressions. As the polynyas are stronger in the Ad elie depression area than in the Mertz depression area, Kusahara et al. [2011] therefore shows more DSW exported from the Ad elie sill than from the Mertz sill. In our model, the connection between the basins via the MGT cavity enables both the melting of the MGT and the transport of DSW from the Ad elie depression to influence the Mertz depression, and thus changes the ratio of DSW that is exported from each sill. In addition, both Kusahara et al. [2011] and Marsland et al. [2004] cannot produce ISW, which means they may overestimate both the amount and density of the DSW, as demonstrated here by the experiment where we shut off ocean/ice shelf thermodynamics, which showed that DSW export is up to 100% stronger.
Summary
[42] The region near the Mertz Glacier Tongue (MGT) is known to be a source of Dense Shelf Water (DSW) that contributes to the formation of Antarctic Bottom Water (AABW) [Rintoul, 1998; Marsland et al., 2004; Williams et al., 2008; Kusahara et al., 2011] and is associated with intense polynya activity. Here we have used a regional ice shelf/ocean model to investigate the shelf sea processes controlling the export of DSW from the continental shelf in the vicinity of the MGT. The model is improved over previous studies in that it includes ice shelf/ocean interaction processes, and a cavity beneath the MGT linking the two major regional shelf depressions. Modeled DSW export is in good agreement with available, although sparse, observations.
[43] Here we show that there is a delay of about a year between the change of polynya activity and the DSW export response. A single year of significantly weaker polynya activity can limit DSW export. A prolonged strong or mean polynya state (>1 year) is, however, needed for the volume of DSW on the continental shelf and depression to become large enough to escape the sill and move down slope to the abyssal ocean. We note, as previous studies have already done [Williams et al., 2010] , that using a fixed critical density to define DSW is limiting and does not always capture the true export of DSW to the abyssal ocean. The critical value required for DSW to flow offshelf should instead depend on the relative difference in the on-shelf DSW and the ambient off-shore water densities for greater accuracy.
[44] The connection between basins under the MGT allows dense water (mainly High Salinity Shelf Water-HSSW) from the Ad elie depression to enter the Mertz depression as well as contributing to ice shelf basal melt. The glacial meltwater produced further decreases the density of DSW, and limits the net export of DSW. We highlight that models without ocean/ice shelf interaction processes will significantly overestimate rates of DSW and AABW export. We also show that in addition to the Ad elie and Mertz sills DSW can also flow out of the continental shelf through the north eastern edge of the Mertz depression, and along the coast to the west of the Ad elie depression, although whether or not these pathways contribute to AABW formation is unknown.
[45] Our study shows that DSW formed from active polynyas plays an important role in insulating ice shelves from melting by intrusions of relatively warm Modified Circumpolar Deep Water (MCDW). Here, our results suggest that during a sustained decrease in DSW formation, due to a reduction in the strength of the polynya activity (reduction in the strength of brine rejection), warm and salty MCDW will flow further on-shelf and drive higher ice shelf basal melting. The strong coupling between the polynya activity, DSW export and the basal melting of the MGT highlights the importance of understanding atmosphere-ocean-ice shelf interaction processes over the continental shelf seas, as well as exchange of water across the shelf break.
[46] We show that high interannual subglacial melting and the coupling between the polynya activity, the variability of the volume and the density of DSW and glacial meltwater is likely to be an important control on AABW variability. Unfortunately, the lack of long-term bottom water observations does not presently allow the evaluation of the interannual variability study in terms of DSW export and in terms of quantifying the AABW freshening due to atmospheric forcing. 
